Background: During programmed cell death, apoptotic cells are rapidly removed by phagocytes. How dying cells are recognized remains poorly understood. Results: Here we identify a secreted lipid transfer/LPSbinding family protein, NRF-5, which is required for efficient clearance of cell corpses. We observed that phosphatidylserine (PS), which is externalized to the outer leaflet of plasma membranes in apoptotic cells, is also detected on the surface of engulfing cells. Loss of NRF-5 function completely blocks PS appearance on engulfing cells but causes accumulation of PS on apoptotic cells, a phenotype observed in both ced-7(lf) and ttr-52(lf) mutants. The NRF-5 protein is expressed in and secreted from body wall muscle cells and clusters around apoptotic cells in a CED-7-dependent manner. NRF-5 associates with TTR-52, binds PS, and displays lipid transfer activity in vitro. Conclusion: Our data suggest that NRF-5 may act with CED-7 and TTR-52 to mediate PS transfer from apoptotic cells to engulfing cells and thus promotes engulfment by phagocytes.
Introduction
Apoptotic cells generated by programmed cell death are rapidly removed to prevent inflammatory and autoimmune responses and maintain tissue homeostasis [1, 2] . Phosphatidylserine (PS), which is normally restricted to the inner leaflet of plasma membranes, is exposed on the surface of apoptotic cells, thus distinguishing them from normal living cells and serving as an ''eat me'' signal for engulfment [3, 4] . Surface expression of PS also occurs in nonapoptotic macrophages and differentiating monocytes and appears to be related to the acquisition of the ability to engulf PS-positive target cells [5] [6] [7] . However, it is unknown whether this is characteristic of professional phagocytes like macrophages or a general and conserved feature of all phagocytes. It is also unclear how PS expression on phagocytes is regulated and contributes to engulfment.
PS on apoptotic cell surfaces can be recognized directly by phagocyte receptors or indirectly through extracellular bridging molecules that cross-link apoptotic cells to phagocytes [8] . Although the latter mechanism was only found to be important for apoptotic cells cleared by remote phagocytes [9, 10] , we recently identified C. elegans TTR-52 as an extracellular bridging molecule that links PS on apoptotic cells with receptors on neighboring phagocytes [11] .
TTR-52 functions in the ced-1/6/7 pathway, which is one of two partially redundant signaling pathways that control cell corpse engulfment in C. elegans ( Figure 1E ). In the parallel pathway, multiple receptors recognize apoptotic cells and transduce the signal to the conserved intracellular molecules CED-2(CRKII), CED-5(DOCK180), and CED-12(ELMO), which activate the small guanosine triphosphatase (GTPase) CED-10(RAC1), leading to the cytoskeleton rearrangement required for engulfment [12] [13] [14] [15] . In the ced-1/6/7 pathway, TTR-52, an extracellular protein secreted from nonapoptotic intestine cells, mediates in part the recognition of apoptotic cells by binding to both surface-exposed PS on cell corpses and the extracellular domain of the phagocytic receptor CED-1 [11, 16] . ced-7, which encodes an ATP-binding cassette (ABC) transporter, is also involved in cell corpse recognition and functions in both apoptotic and engulfing cells [16, 17] . It has been proposed that CED-7 is required for exposure of PS in apoptotic cells, whereas ABCA1, the mammalian counterpart of CED-7, is thought to play a role in exposing PS in apoptotic cells and macrophages [7, 18, 19] . However, recent studies in cells from ABCA1 2/2 mice and individuals with Tangier disease or in ABCA1-expressing HeLa cells suggest that ABCA1 is dispensable for the transbilayer movement of PS in macrophages and apoptotic cells [20] . Therefore, the role of the ABC transporter in apoptotic cell recognition remains elusive. It also remains to be determined whether additional extracellular proteins are involved in cell corpse engulfment.
Here we identify a secreted lipid transfer/LPS (lipopolysaccharide)-binding family protein, NRF-5, which acts with CED-7 and TTR-52 to mediate PS appearance on engulfing cells, thus promoting phagocytic engulfment.
Results

nrf-5 Is Required for Cell Corpse Clearance
In a forward genetic screen for regulators of cell corpse engulfment, we isolated a recessive mutant qx16, which accumulated significantly more embryonic cell corpses than wildtype (WT) ( Figure 1A ). No excessive cell death occurred in qx16 mutants, but cell corpses persisted significantly longer in qx16 embryos than in WT (53 versus 28 min on average), indicating that cell corpse clearance is defective ( Figures 1B  and 1C) .
The gene affected in qx16 mutants is a previously identified gene, nrf-5, loss of which causes a defect in nose muscle contraction induced by the antidepressant Fluoxetine [21] (see Figure S1A available online). NRF-5 is homologous to proteins of the LPS-binding/lipid transfer protein (LTP) family including human bactericidal/permeability increasing protein (BPI), LPS-binding protein (LBP), cholesteryl ester transfer protein (CETP), and phospholipid transfer *Correspondence: wangxiaochen@nibs.ac.cn protein (PLTP) [21] (Figure S1B ). nrf-5(sa513), a previously isolated Fluoxetine-resistant mutant with a stop mutation at Ser159, showed a persistent cell corpse phenotype similar to qx16, whereas an incompletely penetrant embryonic lethality and yolk trafficking defect reported previously in nrf-5(sa513) mutants was also observed in qx16 worms [21, 22] (Figure 1A ; Figures S1D-S1H). Sequencing of nrf-5 in qx16 mutants revealed two G to A transitions that resulted in replacement of Val446 by Met and of Trp476 by a premature stop codon (Figures S1A and S1B). Overexpression of NRF-5(V446M) but not NRF-5(W476-stop) rescued qx16 phenotypes, indicating that the W476-stop mutation causes loss of nrf-5 function ( Figure S1A ).
NRF-5 Is a Secretory Protein that Clusters around Cell Corpses
Like other LTP/LPS-binding family proteins, NRF-5 has an N-terminal secretion signal ( Figure S1B ) [21] . To test whether NRF-5 is secreted, we expressed a NRF-5::mCHERRY fusion, driven by heat-shock promoters, or a ssGFP::mNRF-5 fusion, driven by either heat-shock promoters or the engulfing cell-specific ced-1 promoter. In ssGFP::mNRF-5, GFP was fused to the amino terminus of mature NRF-5 (NRF-5 ) and the secretion signal was added to the amino terminus of GFP. Apoptotic cells were specifically labeled by both NRF-5 fusion proteins, which formed ring-like structures surrounding cell corpses and accumulated within the extra-embryonic cavity (Figures 2A, 2A 0 , 2D, and 2D 0 ). Because heat-shock promoters induce global gene expression in C. elegans, these results suggest that NRF-5 is a secretory protein that can recognize apoptotic cells. Reporters lacking secretion signals (GFP::mNRF-5 or NRF-5 ::mCHERRY), displayed diffuse or punctate staining patterns but failed to surround cell corpses or accumulate in the extra-embryonic cavity ( Figures 2B, 2B 0 , 2E, and 2E 0 ). Expression of secreted but not nonsecretory NRF-5 fully rescued the persistent cell corpse, embryonic lethality, and defective yolk trafficking phenotypes of nrf-5(qx16) mutants, indicating that NRF-5 must be secreted to function (Figure S1A ). Cell corpse labeling by NRF-5::mCHERRY or ssGFP::mNRF-5 was abolished by a ced-3 loss-of-function mutation that blocks almost all apoptosis in worms, confirming that the cells labeled by NRF-5 were apoptotic ( Figures 2C, 2C 0 , 2F, and 2F 0 ). Using transcriptional reporters, we found that the nrf-5 promoter (P nrf-5 ) drove expression in body wall muscle cells, in a pattern similar to the myo-3 promoter (P myo-3 ) (Figures 2G-2H 000 ) [23] , but distinct from the ttr-52 and ges-1 promoters, which are active only in the intestine (Figures S2A-S2D 000 ) [11, 24] . We also generated NRF-5 translational fusions with or without the secretion signal (P nrf-5 ssGFP::mNRF-5 and P nrf-5 GFP::mNRF-5). Secreted GFP::mNRF-5 (ssGFP::mNRF-5) displayed a diffuse staining pattern and associated with the basal surface of pharyngeal cells and the basal-lateral membranes of the intestine, whereas nonsecretory GFP::mNRF-5 labeled body wall muscle cells but not the intestine ( Figures S2E-S2H 000 ). These results suggest that NRF-5 is synthesized in and secreted from muscle cells to recognize apoptotic cells and associate with the basal surface of pharyngeal and intestine cells.
NRF-5 and TTR-52 Recognize Apoptotic Cells in Different
Manners NRF-5 behaves very like TTR-52, a secretory protein from intestine cells which specifically recognizes apoptotic cells by binding to surface-exposed PS [11] . In tat-1(qx30) mutants, which ectopically expose PS on the surface of living cells due to loss of TAT-1 P4-ATPase function, TTR-52 stains virtually all cells ( Figures 3J and 3J 0 ) [11] . In contrast, ssGFP::mNRF-5 was still enriched on apoptotic cells in 0 , 3K, and 3L). However, labeling of cell corpses by ssGFP::mNRF-5 was significantly reduced in ced-7 mutants, suggesting that ced-7 is required for cell corpse recognition by NRF-5 ( Figures 3C, 3C 0 , 3K, and 3L). None of the above ced mutants, including ced-7(lf), affected binding of apoptotic cells by TTR-52 ( Figures  3F-3H 0 , 3M, and 3N). These results suggest that TTR-52 binds apoptotic cells through surface-exposed PS, whereas recognition of cell corpses by NRF-5 requires CED-7. We observed slightly increased labeling of cell corpses by TTR-52 in nrf-5(qx16) mutants and enhanced apoptotic cell labeling by NRF-5 in ttr-52(lf) embryos (Figures 3K-3N ; Figure S1C ).
nrf-5 Is Required for the Appearance of PS on the Engulfing Cell Surface
Exposure of PS on apoptotic cells distinguishes them from normal living cells and serves as an ''eat me'' signal for clearance. We also detected PS on the surface of living cells adjacent to cell corpses. In WT embryos expressing the secreted PS-binding protein Annexin V::GFP, >50% of GFP-positive cell corpses were surrounded by neighboring living cells, which were also labeled by Annexin V::GFP, albeit more weakly ( Figures 4A, 4A 0 , and 4I). No GFP signal was detected on the surface of living cells that did not directly contact dying cells. Similarly, TTR-52::mCHERRY, which binds specifically to PS, labeled the surfaces of both the apoptotic cell and the surrounding living cell ( Figure 6C ). These results suggest that PS appears on the surface of both dying cells and neighboring engulfing cells. Loss of function of ced-6, ced-5, ced-12, or ced-2 did not significantly affect the appearance of PS on engulfing cell surfaces ( Figure 4I ). By contrast, in nrf-5(lf) animals, only 2% of cell corpses were surrounded by Annexin V::GFP-positive neighboring cells ( Figures 4B, 4B 0 , and 4I). Annexin V::GFP staining of engulfing cells was also completely blocked by loss of function of ttr-52 or ced-7, and partially suppressed in ced-1(lf) mutants ( Figures 4C-4D 0 , and 4I). These data suggest that NRF-5, CED-7, and TTR-52 are required for PS appearance on the engulfing cell surface and that CED-1 may play a partial role in this process, whereas CED-6, CED-5, CED-12, and CED-2 are likely dispensable. Consistent with this, loss of nrf-5 did not affect the engulfment defect of ttr-52(lf) or ced-7(lf) mutants but enhanced the persistent cell corpse phenotype in ced-1, ced-6, ced-2, ced-5, or ced-12 mutants ( Figure 1D ). Expression of nonsecreted NRF-5, nonsecreted TTR-52 or TTR-52(M5), which is secreted but defective in PS binding, failed to rescue the engulfing cell PS labeling phenotype of nrf-5 or ttr-52 mutants, indicating that both protein secretion from phagocytes and PS binding are required to mediate PS appearance on engulfing cells ( Figures  S3A-S3E 0 ) [11] . 
nrf-5 Mutants Accumulate PS on Apoptotic Cells
We next examined whether loss of nrf-5, ced-7, or ttr-52 affected PS appearance on apoptotic cells. In early embryos, almost all cell corpses were positive for Annexin V::GFP in nrf-5(lf), ced-7(lf), or ttr-52(lf) mutants as in WT or other ced mutants defective in cell corpse engulfment, indicating that PS exposure on apoptotic cells is unaffected ( Figure S4A ). The intensity of Annexin V::GFP labeling on apoptotic cells in nrf-5(lf), ced-7(lf), or ttr-52(lf) mutants was greater than in WT or other ced mutants at both 1.5-and 2.5-fold stages ( Figures S4B and S4C ), suggesting that PS may accumulate on apoptotic cells in these mutants. We next examined Annexin V labeling at the 4-fold embryonic stage when cell deaths have long been completed and cell corpses are all cleared in WT but persist in engulfment-defective mutants. PS, indicated by Annexin V::GFP labeling, was absent from most cell corpses in ced-1, ced-6, ced-2, ced-5, or ced-12 embryos; a few apoptotic cells (4.6% to 20%) were weakly positive ( Figures 4E, 4E 0 , 4J, and 4K). In ced-7 (60%), ttr-52 (83%), or nrf-5 (70%) embryos, more corpses were Annexin V::GFP-positive and the signal was much stronger, suggesting that PS accumulates on apoptotic cell surfaces in these mutants ( Figures  4F-4K ). In tat-1(lf) mutants, inward movement of PS is blocked, and living cells have ectopic surface exposure of PS, which can be labeled by the PS binding proteins Lact-C2 or TTR-52 (Figures 5B 0 and 5F 0 ) [11, 25] . We found that TTR-52::mCHERRY or GFP::Lact-C2, which is distributed more evenly between apoptotic and living cells in tat-1(lf) mutants, became re-enriched on apoptotic cells defective for nrf-5, ced-7, or ttr-52 but not ced-1 or ced-5 ( Figures  5C-5H) . Loss of nrf-5, ced-7, or ttr-52 did not alter the cell surface labeling by TTR-52::mCHERRY or GFP::Lact-C2 in tat-1(lf);ced-3(lf) embryos in which cell death is blocked ( Figure S3F-S3L ). This suggests that NRF-5, CED-7, and TTR-52 do not affect PS externalization in living cells. Therefore, re-enrichment of PS-binding proteins on cell corpses in tat-1(lf) embryos defective in ced-7, nrf-5, or ttr-52 is likely caused by increased PS on apoptotic cell surfaces. Collectively, these data indicate that loss of nrf-5, ced-7, or ttr-52 blocks PS appearance on engulfing cell surfaces while causing PS accumulation on apoptotic cells.
NRF-5 Binds PS and Possesses Lipid Transfer Activity
NRF-5 belongs to the LPS-binding/lipid transfer protein (LTP) family, members of which bind and transfer various lipids between lipoprotein particles or lipid bilayers. EGFP-NRF-5-Flag bound to PS but not other phospholipids, as previously observed for TTR-52, suggesting that NRF-5 is a PS-binding protein. (Figure 6A ) [11] . NRF-5 is required for trafficking of the lipoprotein VIT-2 that associates with cholesterol ( Figures  S1D-S1G 0 ) [22, 26] , so we examined cholesterol transfer between NRF-5 and liposomes. We found that [ 3 H]cholesterol can be transferred from NRF-5 to liposomes or from liposomes to NRF-5, suggesting that NRF-5 has lipid transfer activity (Figure 6B) . Because NRF-5, TTR-52, and the ABC transporter CED-7 all mediate PS appearance on engulfing cells, we examined whether they associate with each other. Myc-tagged NRF-5 (albeit expressed at a low level), but not the intracellular part of CED-1 (CED-1[intra]), was specifically coimmunoprecipitated with TTR-52-flag, indicating that NRF-5 associates with TTR-52 ( Figure S5B ). Although recognition of apoptotic cells by NRF-5 requires CED-7 function, no NRF-5/CED-7 interaction was detected by coimmunoprecipitation or crosslinking. Their association may involve specific modification(s) acquired during apoptosis.
Cell Corpses Are Internalized by PS-Positive
Neighboring Cells C. elegans cell corpses are surrounded by multiple living cells but are engulfed by only one of them [16, 27] . How phagocytes are specified is not known. We found that PS, as indicated by TTR-52::mCHERRY, first appeared on the apoptotic cell surface, forming a bright ring-like structure ( Figure 6C ). In about 2 min, PS was detected on the surface of one living neighbor in WT but not nrf-5(qx16) embryos and was gradually enriched as this neighbor internalized the cell corpse ( Figure 6C , a and b; Movies S1 and S2). PS always appeared on apoptotic cells before engulfing cells (n = 106), and most cell corpses (94/106) were eventually engulfed by the PS-positive neighbor. Because all neighboring cells are capable of engulfing dying cells [16, 27, 28] , the appearance of PS may promote engulfment by the PS-positive neighbor, allowing it to ''outplay'' other neighboring cells. In support of this, cell corpses persisted significantly longer in nrf-5(lf) mutants, in which PS did not appear on engulfing cells ( Figures 1C, 4I, 6C, c and d ; Movies S3 and S4). WT (a, b) and nrf-5(qx16) embryos (c, d) carrying P ttr-52 TTR-52::mCHERRY. The apoptotic cells (white arrowheads) are quickly internalized and cleared by the PSpositive neighbor (yellow arrowheads) in WT but persist much longer in nrf-5(qx16) embryos, which lack PS labeling on the neighboring cell. Scale bar represents 1 mm. See also Figure S5 and Movies S1, S2, S3, and S4.
Discussion
NRF-5 Is a Secreted PS-Binding Protein Required for Cell Corpse Engulfment NRF-5 and TTR-52 are the two secreted PSbinding proteins involved in cell corpse engulfment. NRF-5 is recruited to apoptotic cells primarily by CED-7, whereas TTR-52 binds surface-exposed PS, cross-linking it with the phagocytic receptor CED-1. Both TTR-52 and CED-1 are required for removal of normal cells in tat-1(lf) mutants, in which PS is ectopically exposed on all living cells [11] . However, loss of nrf-5 does not significantly affect CED-1 binding to apoptotic cells. Neither is NRF-5 required for the ''missing cell'' phenotype in tat-1(lf) mutants, where a proportion of nonapoptotic cells are absent, presumably having been engulfed after ectopically expressing surface PS (data not shown) [29] . Therefore, NRF-5 does not seem to act simply as a bridge between surface-exposed PS on apoptotic cells and the phagocytic receptor CED-1 like TTR-52.
CED-7, NRF-5, and TTR-52 May Act Together to Mediate PS Transfer from Apoptotic Cells to Engulfing Cells
We observed PS appearance on the surface of engulfing cells, a phenomenon observed previously in macrophages, suggesting that this is a conserved event during phagocytosis of apoptotic cells. Our data show that loss of the ABC transporter CED-7, or either of the two extracellular PS-binding proteins NRF-5 and TTR-52, completely blocks PS appearance on engulfing cells and causes accumulation of PS on apoptotic cells without affecting PS externalization in either living or dying cells. These results are consistent with a proposed model in which CED-7, NRF-5, and TTR-52 may cooperate to transfer PS from apoptotic to engulfing cells (Figure S5C) . NRF-5 belongs to a secreted LPS binding/LTP family including CETP and PLTP, which regulate lipoprotein metabolism by exchanging neutral lipids like cholesteryl ester and phospholipids between lipoproteins [30] , and LBP and BPI, which mediate innate immunity by transferring LPS to the macrophage surface for cell activation [31] . Our finding that NRF-5 can transfer cholesterol to or extract it from liposomes indicates that NRF-5 has lipid transfer activity, consistent with its role in yolk protein trafficking and PS transfer during engulfment.
Apoptotic cell recognition by NRF-5 requires CED-7, an ABC transporter previously thought to promote PS externalization in apoptotic cells [18] . We observed that loss of ced-7 caused increased PS on apoptotic cell surfaces and did not affect ectopic exposure of PS on living cells caused by tat-1 mutation, indicating that ced-7 is not responsible for initial exposure of PS on apoptotic cells or living cells. These results are consistent with the finding that ABCA1, the mammalian counterpart of CED-7, is dispensable for transbilayer PS movement in apoptotic cells or macrophages [20] . ABCA1 loads cholesterol and phospholipids onto apoA1, a process promoted by PLTP, which binds ABCA1 on the cell surface [32] . We found that CED-7 recruits NRF-5 specifically to dying cells despite being present in both dying and engulfing cells, suggesting the involvement of other factors or modifications of CED-7 in apoptotic cells [17] . Because PS is exposed on apoptotic but not living cells, it is possible that CED-7, when it receives PS on the apoptotic cell surface, recruits and loads NRF-5 with PS, which is then transferred to engulfing cells ( Figure S5C ). The requirement of PS and/or modifications of CED-7 acquired during apoptosis may explain why we failed to detect associations between CED-7 and NRF-5.
The extracellular PS-binding protein TTR-52 is also required for mediating PS appearance on engulfing cells. TTR-52 associates with NRF-5 and may act like soluble CD14 (sCD14) (which receives LPS or phospholipids from LBP and transfer them to target cells or HDL particles [33] [34] [35] ) to relay PS from the NRF-5-PS complex to engulfing cells.
PS-Positive Neighbors Outplay the Others to Engulf Cell Corpses
Mammalian apoptotic cells are cleared mainly by mobile professional phagocytes like macrophages. In C. elegans, all the cells neighboring a somatic cell corpse can recognize dying cells and initiate engulfment, but only one completes internalization [16, 27, 28] . We found that most cell corpses were internalized by the PS-positive neighbor, suggesting that PS may help to specify engulfing cell fate. Appearance of PS on one neighboring cell may promote engulfment by this cell, thereby excluding other neighbors from completing engulfment. Consistent with this, loss of nrf-5 blocks PS appearance on engulfing cells, severely delaying engulfment. Macrophage surface expression of PS is important for phagocytosis of PS-positive targets, suggesting that PS appearance on phagocytes is a conserved mechanism for removing apoptotic cells [5, 6] . How PS appearance on phagocytes promotes engulfment requires further investigation. The presence of PS on both dying and engulfing cells may stabilize the pairing between the eater and the prey; alternatively, PS may modify the engulfing cell membrane so that it is in a more favorable state for internalization. In addition, TTR-52 may transfer PS to cell surface proteins to further activate engulfment, like the sCD14-LPS complex, which induces cell activation of macrophages or neutrophils [34] (Figure S5C ). CED-1 is a potential candidate to test because loss of ced-1 partially blocked PS appearance on engulfing cells but did not cause PS accumulation on cell corpses, suggesting that CED-1 is not involved in transferring PS from dying cells but may have a role in anchoring PS on the engulfing cell surface.
Experimental Procedures
Genetic Analysis
Strains of C. elegans were cultured using standard protocols [36] . The WT strain was N2 Bristol. Details of strain usage, mapping, and cloning are provided in the Supplemental Experimental Procedures.
Quantification of Cell Corpses, Cell Corpse Duration, PS Appearance, and PS Accumulation Cell corpses were counted in the head region of living embryos either at the six different embryonic stages for a time course analysis or at the 4-fold embryonic stage as described before [37] . Embryonic cell deaths and cell corpse duration were examined as described previously [14, 38] . Detailed procedures for quantifying PS appearance and accumulation are provided in the Supplemental Experimental Procedures.
In Vitro Lipid Binding and Lipid Transfer Assay EGFP-NRF-5-Flag and EGFP-Flag expressed in and secreted from 293T cells were affinity purified from the culture medium and used for in vitro lipid binding and transfer assays as described in the Supplemental Experimental Procedures.
Statistical Analysis
The SEM was used as y error bars for bar charts plotted from the mean value of the data. Data derived from different genetic backgrounds were compared by Student's two-way unpaired t test. Data were considered statistically different at p < 0.05. p < 0.0001 is indicated with double asterisks and p < 0.05 with single asterisks.
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